Type 1 diabetes occurs as a result of an autoimmune attack on the insulin-producing beta cells. Although CD8 T cells have been implicated both early and late in this process, the requirement for direct interaction between these cells and MHC class I on the beta cells has not been demonstrated. By using nonobese diabetic mice lacking beta cell class I expression, we show that both initiation and progression of insulitis proceeds unperturbed. However, without beta cell class I expression, the vast majority of these mice do not develop hyperglycemia. These findings demonstrate that a direct interaction between CD8 T cells and beta cells is not required for initiation or early disease progression. The requirement for class I on beta cells is a relatively late checkpoint in the development of diabetes.
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T lymphocytes ͉ nonobese diabetic ͉ severe combined immunodeficient T ype I diabetes (T1D) is a disease in which the insulinproducing beta cells are specifically killed by infiltrating mononuclear cells. The mononuclear infiltrate, termed insulitis, contains a heterogeneous population of cells, including macrophages, CD8 T cells, CD4 T cells, and B cells (1) (2) (3) . It has been shown that all nonobese diabetic (NOD) mice develop insulitis; however, in many cases this inflammation is ''benign'' in that it does not result in the destruction of the insulin-producing beta cells, causing hyperglycemia (4) (5) (6) . Only in a proportion of mice does the inflammatory process become ''malignant'' and result in death of the beta cells and consequent hyperglycemia. The events that precipitate this switch from benign to malignant inflammation are not well understood.
A large body of evidence using histological analysis and cell transfers suggests that both CD8 and CD4 T cells are absolutely required for insulitis and diabetes development in NOD mice (7, 8) ; the presence of beta cells and their antigens is also required, because a diabetogenic splenocyte population did not develop in NOD mice that had undergone early ablatement of beta cells (9, 10) . Notably, it is not known whether, and if so when, T cells require cognate interaction with the islet beta cells, or whether disease initiation and progression to destructive insulitis can occur as a result of T cell interactions with other local MHCpositive cells. Our understanding of this process is critical to the design of a strategy to regulate the disease in predisposed individuals, and in particular, a mechanistic understanding of the cellular events that cause the final killing of beta cells is crucial to prevention of disease recurrence in patients undergoing islet transplantation.
Consistent with the essential role of T cells in disease is the involvement of the MHC in disease susceptibility (11) . Although at least 15 susceptibility regions that contribute to disease may exist, the strongest susceptibility region in both the human disease and the NOD mouse model of diabetes is the MHC region (11, 12) . Identification of the individual genes within the MHC has proven problematic because of strong linkage disequilibrium; however, both the MHC class I and MHC class II genes have been implicated in susceptibility to diabetes in both humans and mice (11) (12) (13) (14) .
If a direct interaction between T cells and islet beta cells is required for the initiation of inflammation or for progression of the inflammatory lesion to become destructive of beta cells, it is likely to be by way of CD8 T cells rather than CD4 T cells. Islet beta cells express MHC class I, which is up-regulated during the inflammatory response due to the effect of cytokines such as ␥IFN (15, 16) . Expression of MHC class II by islet beta cells in NOD mice has not been detected and it is therefore thought that the role of CD4 T cells in disease is more likely to be interaction with local class II-positive antigen-presenting cells (APCs) (17) . It has been shown that when splenic T cells are transferred from young prediabetic NOD donors, both CD8 T cells and CD4 T cells are required to efficiently transfer diabetes to naive NOD scid recipients (8) . It has also been shown that depletion of CD8 T cells by treatment with monoclonal antibody prevents insulitis (18) and diabetes development in cyclophosphamide-treated NOD mice (19) . In addition, ␤2-microglobulin (␤2M) Ϫ/Ϫ NOD mice, which lack MHC class I expression and CD8 T cells, do not develop insulitis (20) (21) (22) (23) . However, despite numerous studies, the precise role of CD8 T cells in the disease process has remained unclear and confusing. In particular, although evidence exists that beta cell-specific CD8 T cells are recruited into the islets, no evidence demonstrates an essential role for the direct interaction between CD8 T cells and islet beta cells for the initiation or progression of disease. Furthermore, evidence implicating CD8 T cells as the final effector of beta cell destruction is limited and conflicting (24) (25) (26) (27) (28) .
In this article we describe NOD mice that have been genetically modified to lack class I expression on their islet beta cells, but express class I normally in all other tissues. Lymphocyte development occurs normally in these mice producing an unmanipulated repertoire. These mice have been compared with their littermates to examine the role of beta cell class I expression in the development of insulitis and for the switch from benign to malignant insulitis, which results in hyperglycemia.
Experimental Procedures
Mice. All mice were housed under specific pathogen-free conditions at the John Curtin School of Medical Research. NOD͞ LtJcs mice were obtained from the Animal Breeding Establishment, Australian National University. NOD-␤2M Ϫ/Ϫ background as described (14) . Wild-type ␤2M, transgenic ␤2M, and ␤2M Ϫ genes were distinguished by PCR as described (14) . The incidence of diabetes in ␤2M a ␤2M
Ϫ/Ϫ NOD mice was not significantly different from control ␤2M ϩ/Ϫ NOD mice (27%) (14) . . This construct was injected into NOD zygotes to create transgenic NOD founder mice. Of the three lines generated, one was found to express Cre in a tissue-specific manner. This line was subsequently crossed onto the NOD-␤2M Ϫ/Ϫ background. The HIP-Cre transgene was identified by a PCR-based strategy with the primers GTCGAT-GCAACGAGTGATGAGGTT and TGCTAACCAGCGTTT-TCGTTCTGCC specific for the Cre gene. The incidence of diabetes in the HIP-Cre NOD transgenic mice was identical to the background incidence occurring in NOD mice in the colony (data not shown). HIP-cre NOD␤2M Ϫ/Ϫ mice were then crossed to ␤2M a ␤2M
Detection of Cre-Mediated Recombination. DNA was purified from spleen, thymus, mesenteric lymph nodes, and isolated islets by standard methods. DNA was purified from peripheral blood by using the QIAamp blood kit (Qiagen, Valencia, CA). Recombination between the loxP sites of the ␤2M gene was detected by PCR with the primers CGAACATTACATTATTTACATTC-CAGAC and GCAGGCGTATGTATCAGTCTCAGT.
Monitoring of Hyperglycemia. Mice were monitored regularly for glycosuria by using TesTape (Eli Lilly). Once glycosuria was present, hyperglycemia was confirmed by measurement with a Medisense (Waltham, MA) companion 2 m and scored as diabetic after two positive readings above 15 mmol͞liter.
Cyclophosphamide Treatment. Diabetes was accelerated by i.p. injection of 300 mg͞kg cyclophosphamide (cycloblastin; Pharmacia), dissolved in PBS. Mice were then monitored for 17 days for the onset of diabetes.
Histology. The degree of insulitis was scored by blind histological analysis of hematoxylin͞eosin-stained sections taken from 250-to 300-day-old
Ϫ/Ϫ , and ␤2M ϩ/Ϫ male and female mice. Paraffin-embedded sections were cut at three levels, and between 10 and 100 islets were scored from each pancreas. The proportion of islets exhibiting each level (grades 0-4) of insulitis was determined and expressed as a percentage of the total number of islets scored. T cells (53.6), and macrophages (F4͞80) were used as indicated and followed by horseradish peroxidase-conjugated anti-rat Ig (DAKO). Color was developed with diaminobenzidine tetrahydrochloride and sections counterstained with hematoxylin. Insulin was stained for using anti-swine insulin (DAKO) and peroxidase-antiperoxidase methodology (DAKO).
Preparation of Isolated Islet Cell Suspensions. Pancreatic islets were isolated by collagenase digestion and hand picking as described (6) . If cells were to be examined for MHC class I expression whole islets were first cultured for 18 h in RPMI 1640 culture medium containing 100 units of IFN␥ (gift from A. Hapel, John Curtin School of Medical Research), 10% FCS and penicillin, streptomycin, gentamicin, and 4 mM L-glutamine. Single cell islet suspensions were made by digestion for 10 min with trypsin-EDTA (GIBCO͞BRL) at 37°C followed by passage through a blunted 20-gauge needle five times.
Fluorescence-Activated Cell Sorting (FACS).
The content of the insulitis lesion was quantified by FACS staining of islet cell suspensions taken from 250-day-old female
mice. Cells were stained with anti-CD4 (GK1.5-biotin), anti-CD8 (53.
(28-14-8-biotin; PharMingen), and anti-CD3 biotin (Exalpha, Boston), followed by streptavidin-PE (Serotec). T cells specific for an insulin peptide (amino acids [15] [16] [17] [18] [19] [20] [21] [22] [23] in the context of H-2K d were stained for using the tetramer G9, and the Listeria monocytogenes-specific tetramer LLO was used as a control (32) . Analysis was then performed with a FACScan (BD Biosciences). Expression of H-2K d on islet beta cells was determined by using the biotinylated antibody SF-1.1 (PharMingen) followed by streptavidin-APC (Biomedia, Foster City, CA). H-2K d -positive and -negative cells were sorted by using a FACStar (BD Biosciences) into eight-well chamber slides before acetone fixation and staining for insulin. Dead cells were identified and excluded by using propidium iodide.
Statistics. Diabetes incidence was compared by using the log-rank test. Two-tailed P values were calculated by using an unpaired Student's t test for column comparisons, and Fisher's exact test was used for contingency table comparison.
Results
Cre-Mediated Disruption of the ␤2M Gene Occurs Specifically in the Islet. The ␤2M a transgene contains dormant loxP sites in introns A and C ( Fig. 1; ref. 14) . Cre-mediated recombination of these loxP sites was predicted to cause excision of exons II and III, removing the coding regions for amino acids 4-99 of the 99-aa ␤2M protein.
The NOD ␤2M a ␤2M
Ϫ/Ϫ transgenic mice were crossed with NOD HIP-Cre ␤2M Ϫ/Ϫ mice and examined to determine whether Cremediated recombination was taking place in the islet beta cells. To test whether the enzyme Cre was being expressed in the pattern expected and was mediating recombination in vivo, genomic DNA was prepared from the islets, spleen, thymus, mesenteric lymph nodes, and peripheral blood of Cre-positive and Cre-negative littermate ␤2M a ␤2M
Ϫ/Ϫ mice. Analysis by PCR determined that Fig. 1 . The ␤2M a transgene was constructed as described (14) . the recombined form of the ␤2M gene was present in the islets of ␤2M a HIP-Cre double-positive mice (Fig. 2a) . It was detected by using as little as 6.25 ng of template DNA and was not seen in other tissues even by using concentrations of template DNA that were 10 times higher. It was therefore concluded that Cre expression was able to mediate precise recombination of the ␤2M a transgene in vivo and that recombination was occurring in an islet-specific manner. (Fig. 2c) . ␤2M a ␤2M
Ϫ/Ϫ Cre ϩ NOD mice were then referred to as ''class I beta bald'' mice and ␤2M a ␤2M
Ϫ/Ϫ Cre Ϫ mice as ''class I beta normal'' mice. To ascertain the percentage of islet non-beta cells that had lost class I expression, the same method was used and insulin-negative islet cells were counted. No significant differences were found in the percentage of class I-negative, insulin-negative islet cells in class I beta bald NOD mice and class I beta normal NOD mice.
Initiation and Early Progression of Insulitis Is Independent of Islet Beta
Cell Class I Expression. The class I beta bald mice were used to address the question of whether expression of MHC class I on (a) HIP-Cre-mediated recombination occurs specifically in islets. DNA (6.25, 12.5, 25, 50, and 100 ng) was prepared from islets, spleen, thymus, mesenteric lymph nodes, and peripheral blood of male 100-day-old ␤2M a ␤2M Ϫ/Ϫ HIP-Cre Ϫ and HIP-Cre ϩ NOD mice. (i) Control PCR, which amplifies a 1.1-kbp product from the ␤2M a transgene, a 950-bp product from the endogenous ␤2M a gene, and a 2.5-kbp product from the ␤2M Ϫ/Ϫ gene (not seen in all samples). (ii) PCR to detect the recombined ␤2M a transgene, which amplifies an 800-bp product from the HIP-Cre-recombined gene and a 2.5-kbp product from the unrecombined gene (seen in the NOD control only). (b) Expression of H-2K d is normal in all class I beta normal and class I beta bald NOD transgenic mice except the islets of class I beta bald transgenic mice, where expression is lost from the surface of most islet cells. Single-cell suspensions were made from islets, peripheral blood, spleen, mesenteric lymph nodes, and thymus of NOD class I beta normal, class I beta bald, and ␤2M Ϫ/Ϫ sex-matched 70-to 160-day-old NOD mice. Cells were stained with biotinylated SF1. (Fig. 3b) . The content of the insulitis lesion was quantified by FACS staining of islet cell suspensions taken from 250-day-old female class I beta bald, class I beta normal, and ␤2M Table 1 ).
The Switch from Benign to Malignant Insulitis Resulting in Hypergly-
cemia Depends on Islet Beta Cell Class I Expression. The class I beta bald mice were used to investigate whether expression of MHC class I on islet beta cells is necessary for the switch from benign insulitis to ''destructive'' insulitis resulting in the development of hyperglycemia. A significant reduction occurred in the incidence of hyperglycemia in the class I beta bald mice that lacked beta cell class I expression compared with class I beta normal mice (Fig. 4) . Whereas only 2 of 39 class I beta bald NOD mice developed hyperglycemia by 250 days, 7 of 27 class I beta normal littermates developed diabetes by the same age (P Ͻ 0.02, log-rank test). Disease onset was later in class I beta bald mice; between 170 and 250 days, compared with between 110 and 250 in class I beta normal mice.
Cyclophosphamide has been shown to accelerate disease in NOD mice with established insulitis (32) . Recent studies provide evidence that this is due to nonspecific activation of inflammatory pathways (33, 34) . To determine whether the benign insulitis found in class I beta bald NOD mice could be converted to a destructive form, 250-day-old class I beta bald, NOD ␤2M ϩ/Ϫ , and NOD mice were injected with cyclophosphamide. Cyclophosphamide injection of class I beta bald mice did not significantly increase the incidence of diabetes (1 of 8, 13%) above that seen spontaneously in these mice (2 of 39, 5%; P ϭ 0.436). In contrast, disease was accelerated in NOD (5 of 6, 83%) and NOD ␤2M ϩ/Ϫ (5 of 9, 56%) mice. *Pooled results from two female mice aged Ͼ5 months.
Fig. 4.
Incidence of diabetes was significantly reduced in female class I beta bald NOD mice. Class I beta normal (OE, n ϭ 27), and class I beta bald (f, n ϭ 39) NOD mice were followed for 250 days for development of diabetes. The incidence in class I beta bald NOD mice was significantly lower than littermate class I beta normal NOD mice (P Ͻ 0.020).
Discussion
Understanding the initiating events and processes of beta cell destruction are of enormous importance for understanding how to regulate T1D. Although this disease has generally been described as an autoimmune response directed specifically at the insulin-producing beta cells, it has not been demonstrated that the insulitis lesion that precedes beta cell destruction is in fact beta cell-specific. Although the disease is thought to be CD8 T cell-mediated, it is possible that the role of CD8 T cells in the initiation phase is not beta cell-specific. In this article the role of beta cell MHC class I in T1D was assessed in terms of the initiation and progression of disease in the NOD mouse model, yielding new perspectives on the disease process. The role of CD8 T cells in the etiology of T1D has presented a confusing picture in the past, perhaps because the role of this population of cells changes as the inflammatory response surrounding the islets progresses from a non-beta cell-specific insulitis, to a beta cell-destructive process. The fact that ␤2M Ϫ/Ϫ NOD mice, which lack CD8 T cells, were found not to develop insulitis implicated CD8 T cells as having a crucial role in initiation of disease (20) (21) (22) (23) . However, from studies in these mice it was not known whether the requirement for CD8 T cells was only with APCs cross-presenting islet cell antigens, or whether CD8 T cells also had an essential interaction directly with class I on the beta cells. The class I beta bald NOD mice described in this article lack class I expression on their beta cells and, unlike ␤2M Ϫ/Ϫ NOD mice, express class I normally on all other cells, including APCs. Class I beta bald mice develop insulitis that is qualitatively and quantitatively indistinguishable from that in class I beta normal littermates. This finding demonstrates that the drive for the chronic inflammation of islet tissue is independent of class I expression on beta cells during the early benign phase of disease. It is therefore concluded that CD8 T cell activation and function during this phase of disease is not primarily directed at the beta cell. Rather, CD8 T cells are probably interacting with local APCs that are cross-presenting islet antigen on MHC class I (35) .
Our finding that direct contact between CD8 T cells and beta cell MHC class I was not required to initiate insulitis is supported by early histological studies of the insulitis lesion and studies in perforin-deficient NOD mice (25, 27, 36, 37) . The apparent contradiction between the finding that class I beta bald mice develop insulitis and the results of Serreze and colleagues, in which prediabetic NOD splenocytes did not transfer insulitis into NOD severe combined immunodeficient (SCID) ␤2M Ϫ/Ϫ recipients unless they were grafted with MHC class I ϩ islets (26) , is consistent with the hypothesis that the initiation of insulitis depends not on beta cell class I expression but rather on expression of MHC class I by other islet intrinsic cell populations (38) .
Although disease initiation was unperturbed in class I beta bald mice, these mice did have a significantly reduced incidence of hyperglycemia, indicating that expression of MHC class I on beta cells is important for the progression of disease. These findings suggest that the class I-dependent cytotoxicity of beta cells is a relatively late event in disease and represents a crucial checkpoint in the switch from benign to malignant inflammation resulting in hyperglycemia. The inability of most class I beta bald mice to progress from insulitis to beta cell destruction and hyperglycemia is most readily explained by a requirement for direct CD8 T cell interaction with class I on beta cells for this switch to occur. Because perforin-deficient NOD mice also develop an insulitis lesion that is quantitatively and qualitatively indistinguishable from wild-type NOD mice, and also develop diabetes at a dramatically reduced incidence and a later time of onset, it is likely that the predominant mechanism by which CD8 T cells mediate the switch from benign to malignant hyperglycemia is by the perforin͞granzyme cytotoxicity pathway (25, 27) .
Although the insulitis lesion in the majority of class I beta bald and perforin-deficient knockout NOD mice does not progress to hyperglycemia, it is important to emphasize that, in a small percentage of these mice, disease does progress to overt diabetes, albeit with delayed kinetics. This fact raises the question of which beta cell class I-independent mechanisms are driving the insulitis lesion that occasionally progresses to complete beta cell destruction. It may be that beta cells are initially killed through bystander damage resulting from cytokine or free radical production by inflammatory cells (39, 40) . Alternatively, although by no means mutually exclusively, it may be that beta cells are killed by CD4 T cells by Fas-mediated killing (41) . The selective sensitivity of islet beta cells to such damage may result in the liberation and cross-presentation of a critical threshold of beta cell antigens to CD8 T cells (39, 42) . CD8 T cells, including cells specific for H-2K d ͞insulin peptide, were found infiltrating the islets of the class I beta bald mice. These cells have presumably been activated by cross-presentation of insulin peptide by professional APCs but are unable to mediate direct beta cell killing in the absence of class I on beta cells. This model predicts that once a critical threshold of beta cell antigen has been released by nonspecific bystander killing and islet beta cell-specific CD8 T cells have been recruited and activated, the presence of MHC class I on islet beta cells will influence the efficiency of beta cell destruction.
The data presented in this article test the predictions of this model and give us a clear understanding of the role of beta cell class I expression in the development of insulitis and hyperglycemia. NOD mice that lack class I expression on their beta cells still develop insulitis in a manner that is not different from their unmanipulated littermates; however, the NOD mice that lack class I on beta cells do have a significantly reduced incidence of hyperglycemia. These studies confirm that cognate interaction with class I on the beta cells is not necessary for the initiation or early progression of insulitis, but is important for an efficient switch from benign to malignant insulitis. We hypothesize that malignant insulitis ensues only after a significant precursor frequency of cytotoxic CD8 T cells has been activated by APCs cross-presenting beta cell-specific antigen, which has been liberated as a result of bystander damage from the non-beta cell-specific infiltrate. Once sufficient beta cell-specific CD8 T cells have been activated, class I-positive beta cells are then rapidly destroyed by a direct interaction between cytotoxic CD8 T cells and the beta cells resulting in hyperglycemia. An inefficient beta cell class I-independent mechanism of beta cell killing is also present, and prevention of CD8 cytotoxicity will not prevent hyperglycemia in all animals.
